Abstract In the summer of 2007, the Arctic Ocean experienced the largest loss of ice cover yet observed. We examined the phytoplankton community composition at several stations in the NE Arctic Sector during the ATOSArctic cruise in July 2007, specifically in the Fram Strait and along the permanent ice edge up to 81°N. The prymnesiophyte Phaeocystis pouchetti, present exclusively in its colonial form, dominated the whole phytoplankton community, representing 82.1 ± 3.1% (mean ± SE) of the phytoplankton biovolume in the region. Diatoms, small flagellates and dinoflagellates, expected to dominate the icemelt waters in this sector of the Arctic Ocean, were practically insignificant, representing 7.3 ± 2.4%, 6.8 ± 1.4% and 4.4 ± 1.2% of phytoplankton biovolume, respectively. The fraction of the phytoplankton biomass that comprised diatoms increased with increasing water temperature and salinity, and was, therefore, negatively associated with the increased load of ice-melt waters. In contrast, the fraction of the biomass that comprised P. pouchetii was not as clearly related to temperature and had a weak tendency to decrease with increasing temperature. This pattern was likely the result of different populations stress, as the percentage of living cells of P. pouchetii increased with increasing salinity and temperature. The exceptional dominance of the colonial form of P. pouchetii during the massive ice losses of summer 2007 provides indication of major changes in phytoplankton community structure and carbon flow with climate change in the Arctic Ocean.
Introduction
The Arctic region is experiencing an intense warming (ACIA 2004; Kaplan and New 2006) leading to important losses of the oceanic ice cover that include losses of the perennial sea ice (Serreze et al. 2007; Nghiem et al. 2007 ). The warming of the Arctic region has been accelerated during the last decade (Comiso et al. 2008) leading to events of massive ice-melting in summer. During the summer of 2007, the Arctic sea ice reached the record minimum extent as indicated by satellite observations (Zhang et al. 2008) showing the largest loss of ice in the Pacific sector of the Arctic Ocean (Lindsay et al. 2009 ).
Based on satellite data, Arrigo et al. (2008) calculated an increase of 35 Tg C year -1 in Arctic annual primary production from 2006 to 2007, which was related to an increase in the area of open water due to loss of ice and a lengthening of the growing season. Arrigo et al.'s (2008) data also predicted a decrease in primary production at the North Atlantic sector of the Arctic Ocean, in agreement with field observations Regaudiede-Gioux and Duarte 2010, this issue) . During this massive ice-loss event in the Arctic Ocean, field observations performed in the Fram Strait close to the receding Arctic ice cap showed reduced primary production, phytoplankton biomass and respiration rates, which were experimentally tested to be related to the release of pollutants and other substances accumulated in multi-year Arctic ice . This indicates that responses of plankton communities to warming, ice-melting and associated processes are complex in the Arctic Ocean and needs further investigation.
The Spanish ATOS-Arctic cruise, performed during the summer of 2007, offered us the opportunity to sample during the record ice-melting in the Arctic observed in summer 2007 and to search for changes in the abruptly altered pelagic Arctic ecosystem. Hence, during the ATOSArctic cruise, we quantified and analysed the differences in phytoplankton abundance and community structure, and examined phytoplankton cell activity by quantifying the carbon extracellular release. We also tested the state of health of phytoplankton cells by examining the proportion of living cells. We then examined how water salinity and temperature, as a proxy of waters receiving ice-melt, may explain the differences in the phytoplankton communities and other phytoplankton cell properties examined.
Materials and methods
This study was performed during the ATOS-Arctic cruise aboard the R/V BIO Hesperides from 1 to 25 July 2007. We sampled a total of 18 stations distributed north of the Fram Strait, moving from the marginal ice zone (MIZ) to open waters free of ice (up to the 80°N latitude, Fig. 1 ). Vertical profiles of temperature, salinity and fluorescence down to 200 m depth were performed using a Seabird 911 CTD at each station. Water samples were collected using 12-l Niskin bottles attached to a Rosette-CTD system, at a variable number of depths, depending on the station, from the surface waters (5 m) to the deep chlorophyll maximum. Additional samples from 1 m depth were taken using 30-l Niskin bottles. Chlorophyll a concentration was determined fluorometrically by filtering 200 ml of water through Whatman GF/F filters and extracted in 90% acetone for 24 h before spectrofluorometric determination using a Shimadzu RF-5301PC spectrofluorometer, following Parsons et al. (1984) . To quantify microphytoplankton abundance, a volume of 250 ml was taken from the surface (1 m), 5 m and at the deep chlorophyll maximum (DCM), fixed with Lugol's solution (final concentration, 2% v/v; Throndsen 1978) and stored in dark cold room (4°C) until microscopic analysis. The sample counting was conducted less than 6 months after the cruise, avoiding possible problems of preservation of Phaeocystis cells with Lugol's solution. Preservation with Lugol's results in the disaggregation of the mucilage matrix allowing an accurate counting of Phaeocystis pouchetii cells that would be very difficult to perform in intact colonies. Aliquots were analysed using the Utermöhl method (1958) with sedimentation of 100 ml sea water in settling chambers. Counts and observations of Phaeocystis sp., nanoflagellates, dinoflagellates and diatoms were performed using an inverted light microscope (Zeiss Ó Axiovert 200), at 2009 and 4009 magnification. For each sample, at least 10 individuals of the most abundant forms were measured (length and width) at 4009 or 2009 (depending the cell size) and their volumes calculated using the geometrical approximation of their forms (Sun and Liu 2003) . Vertical tows using a phytoplankton net of 20-lm mesh size were performed from the DCM (deep chlorophyll maximum) to surface at each station. These fresh samples, without preservation step, were observed under the microscope on board to analyse in situ the composition of the phytoplankton community, without quantitative purpose.
The quantification of the proportion of living cells was conducted on board in fresh samples using a cell digestion assay (CDA), which tests cell membrane permeability (Agustí and Sánchez 2002) . The CDA requires that the phytoplankton communities are subjected to an enzymatic cocktail (DNAse and Trypsin) that enters the cytoplasm and digests cells with compromised membranes, i.e. removing dead cells from the sample. Cells remaining in the samples after the CDA are the living cells, which can then be quantified using epifluorescence microscopy. Water samples of 2-3 l from 1 m and the depth of DCM were concentrated to 50-70 ml samples by using a Millipore concentrator stirred cell (Agustí and Sánchez 2002), a system successfully used previously to quantify living cells (Agustí and Sánchez 2002; Alonso-Laita and Agustí 2006; Lasternas et al. 2010) . The time for the concentration procedure was short, less than 30 min, and a gentle pressure was applied over the sample to avoid any damage of the cells. The cell digestion assay was applied to duplicate 10-ml aliquots of the concentrated samples by adding 2 ml of DNAse I solution (400 lg ml -1 in HBSS, Hanks' balanced salts), followed by a 15 min incubation at 25°C in a digital dry bath, after the incubation, 2 ml of trypsin solution (1% in HBSS) was added, followed by a 30 min incubation at 25°C (Llabrés and Agustí 2008) . 25°C was recommended by Llabrés and Agustí (2008) as the optimal temperature to run the assay with polar species, as this temperature alleviated the problems derived by the thermal difference with in situ temperature, assured the complete digestion of dead cells. At the end of the second incubation, samples were placed on ice in order to stop the enzymatic cell digestion process and then were filtered onto polycarbonate 2-lm pore-diameter black filters, washed several times with filtered sea water to remove the enzymes, fixed with glutaraldehyde (1% final concentration) and counted using epifluorescence microscopy. Additional duplicate 10-ml aliquots of the concentrated sample were filtered onto 2-lm pore-size black polycarbonate filters, fixed with glutaraldehyde (1% final concentration) and stored frozen at -80°C until counting on board. Those samples were used as blanks to represent the total population, including both live and dead cells. Phytoplankton cells from both fixed blanks and CDA-treated samples were counted by using an epifluorescence microscope (Zeiss Ó Axiovert 25) and were classified into three majors groups (nanoflagellates, dinoflagellates and diatoms). The percentage of living cells (%LC) was calculated as the ratio between the concentration of live cells, observed in CDA-treated samples, to the total phytoplankton population observed in the blanks (live and dead cells). Tests on the accuracy of the CDA with Arctic communities from the ATOS cruise were performed and in a number of polar species growing in cultures (Llabrés and Agustí 2008) comparing the results obtained using the CDA and the results obtained using an independent vital technique indicating similar results of percentage of living cells using the two vital methods.
In situ primary production was measured by the 14 C technique (Steemann-Nielsen 1952) as described by Duarte et al. (2010) . Water sampled at 3 depths including the surface (1 m), the subsurface (5 m) and the deep chlorophyll maximum (DCM) was delivered into transparent (light) and black masking tape-covered polycarbonate bottles (150 ml), and inoculated with 100 lCi activity of a 14 C working solution. Inoculated bottles were set up at respective depths along a mooring buoy and thereby incubated in situ for 4 h. From each sample, two aliquots of 5 ml (replicates) were introduced in scintillation vials (20 ml) for the determination of total labelled organic carbon production (TPP). The remaining volume was filtered through 0.22-lm mesh membrane filters (cellulose membrane filters) of 25 mm to determine particulate primary production (PPP [ 0.22 lm). To remove inorganic 14 C, the liquid samples were acidified with 100 ll of 10% HCl and shaken for 12 h, while the filters were fumed with concentrated HCl (37%) for 12 h. Then, 10 ml and 5 ml of scintillation cocktail (Packard Ultima Gold XR) were added respectively to TPP and PPP vials, and the disintegrations per minute were counted after 24 h with a scintillation counter (EG&G/Wallac). The dissolved primary production (DPP) fraction was calculated as the difference between TPP and PPP following the equation: TPP = PPP ? DPP.
The percentage extracellular released (PER) by the phytoplankton was calculated as the ratio between DPP and TPP multiplied by 100.
Spearman's rank coefficients were used to determine correlation between physical and biological variables (Siegel and Castellan 1988) . Statistical significance of the differences between parameters was tested using Tukey's HSD test, with a critical P value \ 0.05. Linear regression analyses were applied to data in order to characterize their relationships.
Results
The waters sampled during the cruise presented high variability in temperature and salinity (Table 1) , displaying lower values in the surface waters and at the stations more influenced by the ice-melting. Temperature values ranged from negative values found in the waters receiving ice-melt to a maximum value of 6.99°C (Table 1) found at station #27 (Fig. 1) , located close to the Svalbard Islands, where warmer waters are more common. Further hydrographical and biological information are provided in Alcaraz et al. (2010, this issue) .
Phytoplankton biomass varied greatly with chlorophyll a concentration values ranging from 0.29 to 6.84 mg Chl a m -3 (Table 1) . Maximum values were observed at stations #15 and #19, along the coast of Svalbard Islands and further from the ice cap. Moreover, chlorophyll a concentrations were significantly and positively correlated with salinity (P \ 0.001) and temperature (P \ 0.05) indicating a negative relationship between phytoplankton biomass and hydrological changes observed at ice-melt waters, e.g. lower salinity and temperature.
Across the area studied, the phytoplankton community was characterized by the prevalence of the prymnesiophyte Phaeocystis pouchetii (2.8 ± 0.55 9 10 6 cells per litre, mean ± SE; Fig. 2 ). The qualitative analysis of fresh vertical-net samples reveals the presence of this species in its colonial form, reaching 500-1,000 lm in diameter. The evidence of colonial P. pouchetii was also derived from the quantification of samples under the microscope, indicating that the cell size and form of the cells were those corresponding to the cells forming colonies, differ from those found in the free form showing smaller size and rounded form (Schoemann et al. 2005) . Other groups, such as nanoflagellates, dinoflagellates and diatoms, were also present. Diatoms were mainly represented by the centric genus Thalassiosira and by pennate species such as Pseudonitzschia delicatissima that were embedded in the mucilage that formed the colonies of P. pouchetii. Diatoms showed a consistent peak in abundance (1.99 9 10 6 cells l -1 ) only at station #27 where they surpassed the abundance of Phaeocystis sp. Small flagellates and dinoflagellates, despite their weak abundance, were detected in the samples, with the latter being largely dominated by the order of the Gymnodiniales and by the naked species Prorocentrum micans. Phaeocystis pouchetii dominated the biomass along the area sampled, in both low and high biomass waters, as well as in low and higher salinity waters representing 82.1% ± 3.1 (mean ± SE) of the phytoplankton biovolume. P. pouchetii represented more than the 90% of the total biovolume in most of the stations (Fig. 2) while there was only one station (#27) where the biomass was dominated by diatoms (Fig. 2) . Phaeocystis pouchetii biomass was positively related to chlorophyll a concentration (r s = 0.061, P \ 0.001). Diatoms represented 7.3% ± 2.4 (mean ± SE) of the total phytoplankton biomass, but at station #27, they represented 60% of the total biovolume. Small flagellates and dinoflagellates were represented by small biovolumes of 6.2 ± 1.1% and 4.4 ± 1.2%, respectively (mean ± SE).
Total primary production showed a wide range of values across the area studied that varied from 0.47 to 24.70 mg C m -3 h -1 (Table 1 ) with the highest rates at the station #15, in the region of the Svalbard Islands. Dissolved primary production was strongly related to total primary production ( Fig. 3) with the log-log relationship presenting a slope equal to 1 (R 2 = 0.89, P \ 0.0001, slope = 1.05 ± 0.05). The percentage of carbon extracellular release (PER) measured across the study ranged between 23 and 88% and was significant and positively related to the abundance and biovolume of Phaeocystis pouchetii (r s = 0.45, P \ 0.05 and r s = 0.44, P \ 0.05, for abundance and biovolume, respectively), the species that dominated the phytoplankton community.
Phaeocystis pouchetii biovolume and abundance were not related to water temperature and salinity, contrary to the biovolume of diatoms that was positively related to temperature (Fig. 4a , r s = 0.46, P \ 0.01) and to salinity (r s = 0.47, P \ 0.005). In fact, the relative biovolume of P. pouchetii and diatoms showed a contrasting response to temperature, relative biovolume of diatoms increased as temperature increased, while the relative biovolume of Phaeocystis pouchetii tended to weaken as temperature increased (Fig. 4b) .
The quantification of living cells could only be performed for Phaeocystis pouchetti populations, since other groups were present at low abundances precluding the measurement of live/dead cells within those populations. The proportion of living cells of Phaeocystis pouchetti varied highly, from 10 to 97%, indicating a high population dynamic in this species. The variability of percentage of living cells of P. pouchetii was related to depth (r s = 0.69, P \ 0.005). Significantly lower percentages of living cells were found in surface waters (1 m, Tukey's HSD test, P \ 0.05). Furthermore, we observed a distribution in the percentages of living cells across the waters studied, showing that higher %LC were associated to both warm and saline waters (Fig. 5) .
Discussion
The results presented indicated that the phytoplankton community in this study was dominated by one species, the prymnesiophyte Phaeocystis pouchetti, present exclusively in its colonial form. P. pouchetii has been described previously to be a component of Arctic communities (Kashkin 1963) and may largely contribute to the phytoplankton spring bloom association in the Barents Sea and the Atlantic sector of the Arctic Ocean (Degerlund and Eilertsen 2009 ). However, there are no previous reports showing overall dominance of the phytoplankton biomass by P. pouchetii at that northern latitudes reported here, especially in its colonial form. Wassmann et al. (2005) have shown that P. pouchetii abundance increased rapidly during ice retreat at the Svalbard Islands area; however, a dominance of single cell P. pouchetii form was reported including only the rare presence of small colonial forms. At the Southern Ocean, it has been described that Prymnesiophyceae, dominated by Phaeocystis antarctica, could formed also large colonies and seasonally prevailed upon solitary forms in the Ross Sea, been the P. antarcticadominated region relatively weakly stratified, in contrast to more strongly stratified areas associated to recent sea-ice melt. Smith et al. (2003) and Arrigo et al. (1999) predict that the increased stratification in the Ross Sea due to climate warming would imply diatoms to likely replace Phaeocystis antarctica, which is in contrast to the widespread presence of P. pouchetii in the Arctic Ocean found in this study, which prevailed at the stratified waters during the massive ice-melting episode of 2007.
The relative contribution of the taxonomic phytoplankton groups to the total biomass found here during the summer of 2007 could be considered atypical when compared to that reported in previous studies. Small flagellated species from different taxa and dinoflagellates are normally present in the Arctic phytoplankton communities in much more abundance, contributing between 30 and 40% to the total phytoplankton biomass (Rat'kova and Wassmann 2002; Richardson et al. 2005) ; however, in the present study, they represented only about 5%. Moreover, previous studies have emphasized the importance of diatoms associated with the ice edge, especially the presence of the species Chaetoceros socialis, Nitzschia frigida, Skelotenema costatum sensu lato, and Melosira arctica, among others (Falk-Petersen et al. 1998; Richardson et al. 2005; Degerlund and Eilertsen 2009) . Therefore, it is expected that diatoms should represent an important component of the phytoplankton community in the MIZ and in waters influenced by ice-melting. In our samples, the contribution of diatoms to the total biomass was minor, even in the samples taken closer to the ice cap and in the waters receiving ice-melt. We only encountered one station where the biomass was dominated by diatoms; however, P. pouchetii colonies still contributed 30% to the total biomass there.
Due to the persistence of ice in summer, previous studies at latitudes higher than 75°N in the eastern area of the Arctic Ocean are rare. Therefore, data on phytoplankton abundance and community structure are scarce, and our results may constitute a new data set, associated to the massive ice-melting event experienced during the summer of 2007. Despite the large dominance of a single species found in the Arctic waters, we cannot consider it an extended bloom episode since low phytoplankton production and biomass were encountered in most stations when compared with previous studies (e.g. Hodal and Kristiansen 2008) . The low production found in ice-melt waters, reported by Duarte et al. (2010) , is in agreement with the decline in annual production between 2006 and 2007 observed in the eastern Arctic waters (eastern Greenland, North Svalbard Islands, Norwegian and the southern Barents seas) by Arrigo et al. 2008 found that chlorophyll a concentration and primary production declined sharply as salinity and temperature decreased, indicating a reduction in primary production and phytoplankton biomass with ice-melting, which suggests a suppression of primary production associated to the Arctic ice-melt waters ). In the experiments performed by Duarte et al. (2010) , ice from Arctic sea-ice cores was added to the Arctic communities and showed a clear inhibition of primary production, which is explained by the large concentration of contaminants and other substances accumulated since the industrial revolution in the multiyear Arctic ice cover . Moreover, the area of the Fram strait is the zone where ice is exiting the Arctic Ocean due to the Transpolar Drift Stream, where ice moves from the Siberian coast of Russia across the Arctic basin, exiting into the North Atlantic, and in consequence, the influence of rapid Arctic ice-melting should be strongest in this area.
Cold and low saline waters in polar oceans represent the fingerprint of ice-melting, and in our study, we have identified the influence of ice-melting on phytoplankton communities. Diatoms were scarce in cold and low salinity waters, indicating this group to be more affected by the melting ice during the summer of 2007 and showing a positive relationship between their contribution to total biovolume and water temperature. Diatom abundance exceeded that of P. pouchetii at station #27 where the maximum values of temperature were observed (*7°C). This observation is supported by the described preference of P. pouchetii to temperatures below 5°C (Schoemann et al. 2005) . Moreover, large interannual variations have been reported in P. pouchetii and diatom dynamics in the North Atlantic and Arctic waters (Eilertsen et al. 1981; Lutter et al. 1989; Degerlund and Eilertsen 2009 ). Here, the proportion of diatoms and P. pouchetii to the total biovolume was negatively correlated (r s = -0.53, P \ 0.001), arguing for segregation in these Arctic waters. It is unlikely that P. pouchetti colonies become more opportunistic or less sensitive to the conditions during the summer of 2007 due to the absence of diatoms. Our results show that while the percentage of living cells of P. pouchetii was not linearly related to salinity or temperature, we observed higher percentages of living cells to be associated with deep waters and waters not receiving ice-melt (i.e. warmer and more saline). Thus, even if P. pouchetii occupied the available niche left by diatoms in these Arctic waters, examination of its viability indicated that growth in the icemelt waters was also deleterious for this species, as its survival success was not greater in such conditions.
Phaeocystis pouchetii produces a mucilage that enhances colony formation, and the formation of this gel-like structure has significant importance in the transfer of carbon to the food web (Reigstad and Wassmann 2007) . Our results showed a linear relationship, with a slope equal to 1, between the dissolved primary production (DPP) and total primary production. This differs from other studies in polar waters (e.g. Morán and Estrada 2002) where the relationship deviates from linearity, with DPP being larger in low productivity waters. Here, the linear relationship found may be explained by the large dominance of biomass by a single species, and the variability in the PER values to be dependent solely on the differences of the capacity of P. pouchetii to excrete the photosynthesized carbon. PER values recorded in this study are consistent to prior studies performed in Arctic waters dominated by Phaeocystis pouchetii (Passow et al. 1994; Vernet et al. 1998) . We found that PER increased as P. pouchetii biomass increased, and we can presume that the extracellular carbon released by P. pouchetii was incorporated into the mucilage, probably forming larger colonies when biomass increased.
Phaeocystis is considered to be a successful species because, through a combination of life cycle stages, a considerable increase in cell size by forming colonies, and perhaps grazer-activated defences, it has a lower rate of mortality than other competing phytoplankton ). The complete life history of P. pouchetii is still unresolved (Whipple et al. 2007) , and its distribution may result from special life history traits, such as the formation of colonies and its ability to increase colony size by forming a gel-like mucilage, which may help to protect the embedded cells from grazers (Edvardsen and Imai 2006) . The successful avoidance of grazers by Phaeocystis colonies has serious consequences for the transfer of primary production through the food web since Phaeocystis is one recognized as a key species contributing to the bulk of biogenic fluxes (Verity and Smetacek 1996) . Moreover, colony blooms have been responsible for causing fish mortality (Huang et al. 1999) , via ingestion of the mucilage or obstruction of fishes' gill, and therefore it may negatively influence fisheries and fish farming (Lancelot et al. 1987; Schoemann et al. 2005) , such that blooms of colonial Phaeocystis have been defined as harmful algal blooms (HABs) (e.g. Veldhuis and Wassmann 2005) . Previous reports suggest that there is selective grazing of diatoms over P. pouchetii (Verity and Smayda 1989) . The size of colonies of P. pouchetii could be large enough to prevent grazing by large polar organisms, such as krill, that are only able to ingest colonies up to 500 lm (Hansen et al. 1994) . The dominant zooplankton species found during the ATOS-Arctic cruise, Calanus glacialis and C. finmarchicus (Alcaraz et al. 2010 , this issue), should be not able to efficiently prey on the large colonies (500-1,000 lm diameter) of P. pouchetii encountered during the summer of 2007. Additionally, the mucilage can act as a microecosystem for escaping environmental forces, and it may have offer an advantage to P. pouchetii to defeat the toxicity of ice pollutants. Furthermore, colonies can profit from the persistence of nutrients in the mucilage. Some evidence indicates that Phaeocystis pouchetii can utilize their own mucilage as an extracellular energy reserve (Lancelot and Mathot 1985) , reutilizing this extracellular carbon for incorporation into protein.
In summary, our results reported a large dominance of P. pouchetii colonies at the East sector of the northern Arctic Ocean associated with the record Arctic ice-melting event of summer 2007. Other phytoplankton groups (diatoms, flagellates and dinoflagellates) expected to dominate waters receiving ice-melt in this Arctic sector were minor components of the community. Furthermore, changes in gross primary production and plankton metabolic balance (Regaudie-de-Gioux and Duarte, this issue) were also associated to ice-melting and allochthonous inputs, during this Arctic event. The dominance of a harmful algae, like P. pouchetii, to the detriment of other Arctic phytoplankton groups such as diatoms could have important consequences for higher trophic levels and the transfer of primary production to the Arctic food web, which would represent a major change in phytoplankton community structure and carbon flow induced by climate change in the Arctic Ocean.
